We theoretically and numerically study the difference frequency generation and the signal amplification bandwidth together with the pump wavelength acceptance for counterpropagating optical parametric amplifiers. It is shown that the specific advantage of those amplifiers is that the DFG and amplification bandwidth is much narrower than in a co-propagating scheme, thus making it possible to shift spectrally or to amplify selectively a single channel over the several present in WDM optical fiber communications.
I. Introduction
The dramatic increase in recent years in the level of communication network traffic has initiated the development of all-optical communication devices and systems. The emergence of dense wavelength division multiplexing (WDM) requires both large bandwidth and single-channel frequency shifters and amplifiers. Co-propagating optical parametric amplifiers (OPA) based on quadratic nonlinear materials have been shown to be an interesting alternative to state-of-the-art semiconductor optical amplifiers and Raman and Er-doped fiber amplification systems at 1.55 µm for large bandwidth amplification. Furthermore, wavelength conversion over a broad bandwidth comes naturally along with the OPA, which fulfill numerous requirements for ideal wavelength converters for telecommunications, such as high transparency, independence of bit rate and data format, and low cross talk. In this article we show that counterpropagating optical parametric amplifiers (COPA) offer the same advantages as OPA in terms of efficiency, tuning, tolerances… but can be used to efficiently shift spectrally and/or amplify only one single WDM channel.
The idea of COPA is not new [1] , [2] , but it has been subject to a revival of interest in the late 1990s thanks to the possibilities of implementation offered by the dramatic technological progress in the engineering of non-centrosymmetric crystals to achieve quasi-phase-matching (QPM) [3] , particularly with respect to the reduction of achievable QPM grating periods. This technology, with high-order QPM gratings, has led to the first experimental demonstrations of contradirectional χ (2) interactions in LiNbO 3 [4] and KTP waveguides [5] , namely backward second harmonic generation. More recently [6] , a first order QPM counter-propagating optical parametric oscillator has been reported on bulk PPKTP but working far from degeneracy because of the too large QPM period (800 nm). Nevertheless, it is worth noting that experimental COPA
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has not been demonstrated so far. Furthermore, all the publications have been focused mainly on the amplification factor at perfect QPM, and COPAs have thus already been extensively studied for mirrorless optical parametric oscillation (OPO), efficient signal amplification [7] and cascading phase shift [8] . More precisely, the tolerances of the COPA to signal and pump wavelengths variations, which are key issues for practical applications, have not been discussed so far. Only a particular process, the spontaneous parametric down conversion, in a unguided pump configuration has been studied regarding the emitted fluorescence bandwidth [9] , [10] . We show in this study that COPAs exhibit narrow wavelength conversion and signal amplification bandwidth and large pump wavelength acceptance. Both features would make the COPA suitable for efficiently spectrally shifting and/or amplifying single WDM channel, as opposed to the standard OPA scheme.
II. COPA geometry and QPM curves
The COPA has the traveling-wave geometry illustrated in Fig.1 , with two inputs: a high-power pump wave at a wavelength λ 3 , launched at z = 0, and a counterpropagating low-power signal at λ 1 (entering at z = L). There are three outputs: the signal exiting at z = 0 and the residual pump and the generated copropagating idler at λ 2 =(1/λ 3 -1/λ 1 ) -1 that both exit at z = L. We emphasize that our definition of the signal and the idler waves is related to their directions of propagation and not to their wavelengths. λ 1 can thus be greater than λ 2 , which is not the case with the traditional convention. It is worth noting that the configuration depicted in Fig. 1 is very convenient for amplification as the signal can easily be separated from the pump and the idler (by using an optical circulator for example). Nevertheless, such configuration can also be used for spectrally shifting as the idler can be separated from the pump because of their very different wavelengths (by using a WDM for example). We assume now that the nonlinear interaction 
and the coupling coefficient as
. Finally, we express the proximity of the COPA to degeneracy by the factor
To be efficient, the COPA must fulfill both energy and momentum conservation conditions:
The corresponding QPM curves are presented in Fig. 2 for m = 1 (first-order QPM) for different periods. Such curves are very different from standard QPM co-propagating curves 10 as the counterpropagating signal has a nearly constant wavelength for a wide range of pump wavelength. We will see later on that this is responsible for the narrow signal amplification and spectral shifting bandwidths and the large pump wavelength acceptance of the COPA. In order to compute the difference frequency generation efficiency, the signal amplification factor and all the bandwidths, we now set λ 3~7 74 nm and λ 1~1 .5 µm, which gives λ 2~1 .6 µm. At those wavelengths, r 1 = 1.03 and the coupling coefficient is taken to be equal to the reported experimental value κ 0 2 =1.3 W -1 cm -2 , which is very close to the calculated one (κ 0 2 =1.4 W -1 cm -2 )
[11].
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In the stationary regime the χ (2) interaction can be modeled through standard coupled-mode equations, written in terms of the slowly-varying envelopes A i (z) at λ i (i = 1, 2, 3):
where the amplitudes are normalized such that |A i (z)| 2 = P i (z) is the power carried by the mode at The difference frequency generation efficiency G 2 =P 2 (z=L)/P 1L is not represented in Fig. 3 , as it is very close to G 1 except when Γ 2 tends to zero. In this case, G 2 tends to zero while G 1 tends to 1 (for a lossless medium).
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It is interesting to note that increasing r 1 , which corresponds to move off degeneracy, increases the amplification factor, as long as κ 0 2 and thus S eff can be considered constant, but decreases the difference frequency generation efficiency. Nevertheless, r 1 must be close to 1 in order to keep the nonlinear interaction efficient and to consider S eff constant, so the effect of such small variations of r 1 is negligible.
IV. Signal and idler bandwidths and pump wavelength acceptance
For a given Γ 2 , we then plotted G 1 as a function of ΔβL and deduced from that curve its full width at half maximum (FWHM) δ. This FWHM is presented in Fig. 4 as a function of Γ 2 and will be used in the following to calculate the signal amplification bandwidth Δω 1 and the pump wavelength acceptance Δω 3 . Because of the energy conservation condition expressed in Eq. (1a), the idler (or spectral shifting) bandwidth Δω 2 is equal to Δω 1 .
Keeping λ 3 constant, we calculated Δω 1 corresponding to δ by expanding Δβ around the perfect QPM condition given by Eq. (1b) and by using the derivative of Eq. (1a) [13] :
For example, if we consider G 1 = 10, obtained for Γ 2 = 2.03, Fig. 4 indicates that δ = 1.6, which
gives Δλ 1 L = 0.02 nm.cm for the wavelengths that we consider. This is 3 orders of magnitude lower than for the standard copropagating OPA. Let us now call that the waveguide length, and therefore the parametric gain for a given pump power, is limited by the bit rate to be amplified.
Following the same approach, we expressed the pump wavelength acceptance Δω 3 for a given λ 1 :
For example, if we consider G 1 = 10 (δ = 1.6), Δλ 3 L = 0.7 nm.cm for the wavelengths that we consider. This expression is the same as for the standard copropagating OPA, which show that COPA has a large pump wavelength acceptance.
It is very important to note that changing r 1 , i.e. the signal and idler wavelengths, does not affect significantly Δλ 1 L, apart from the dispersion of the mode indices N 1 and N 2 . This indicates that the signal amplification bandwidth remains almost constant over a wide range of wavelengths. Such situation is completely different from the co-propagating configuration, for which Δλ 1 L dramatically increases when r 1 tends to 1 [14] . Furthermore, we have verified that the propagation losses do not change Δλ 1 L.
Both narrow signal amplification bandwidth and large pump wavelength acceptance can be understood by looking at Fig. 2 , where we see that for a wide range of pump wavelength, the counterpropagating signal has a nearly constant wavelength. We can also consider the
hal-00849093, version 1 -30 Jul 2013
wavevector diagram depicted in Fig. 5 . If we keep λ 3 constant, the conservation of energy implies that increasing λ 1 will decrease λ 2 . But increasing (respectively decreasing) λ means decreasing (respectively increasing) the corresponding wavevector. Thus the effect of decreasing the wavevector at λ 1 will be enhanced by the increasing of the wavevector at λ 2 , leading to a large phase-mismatch Δβ for small variation of λ 1 . Conversely, if we keep λ 1 constant, the conservation of energy implies that increasing λ 3 will increase λ 2 , so the two similar variations of the wavevectors at λ 3 and λ 2 will compensate for each other, leading to a small phase-mismatch
Δβ for large variation of λ 3 .
It is worth noting that permutating signal and idler, i.e. having the signal co-propagating with the pump, would on the one hand not change the gain and the signal and idler bandwidths of the COPA. This is simply due to the symmetry that exists between the signal and the idler waves, symmetry that appears in Eq. (3). On the other hand, such permutation would dramatically change the pump wavelength acceptance. Indeed, the two "-" signs in Eq. (4) should be replaced by two "+" signs, which in turns would decrease Δω 3 L to approximately Δω 1 L.
V. Discussion
The power requirements of the proposed device depend strongly on the ability to achieve loworder QPM over centimeter lengths. We can estimate the nonlinear coupling coefficient of the COPA with m th order QPM as κ 0 2 ∼η nor /m 2 , where η nor is the normalized efficiency for the equivalent copropagating OPA at similar wavelengths in SPE:LiNbO 3 waveguides with 1 st order QPM (η nor =130%W -1 cm -2 ) [11] . On the upper horizontal axis of Fig. 3 we converted the values of Γ 2 into real powers (P 30 ) for a 3-cm-long waveguide and m=1. For higher-order QPM the figures have to be scaled by m -2 . For instance, point Γ 2 = 2.03 in Fig. 3 would correspond to hal-00849093, version 1 -30 Jul 2013 P 30 ≈ 180 mW for m=1 (Λ = 0.4 µm) and to P 30 ≈ 8.8 W for m=7, i.e., with Λ = 2.8 µm, well within state-of-the-art poling capabilities [4] . Note that the required power is inversely proportional to the square of the device length.
Even if the technology of SPE [10] (or APE/RPE [15] and Ti:indiffusion [16] ) is now mature and allow the fabrication of uniform waveguides over 3 inches wafers, it is interesting to estimate the impact of waveguide non-uniformity on the efficiency and on the signal bandwidth of the proposed device. Waveguide non-uniformity could come for example from a temperature gradient in heated samples or from QPM pattern errors. For the co-propagating configuration, the influence of such non-uniformity has been studied in details by Fejer et al. [17] . Because of the direct analogy between Eqs. (2), (1b) and (3) respectively and Eq. (1), (20) and (24) of reference 16 respectively, the results reported in [17] can be directly used in our case. For example, let us consider a linear taper of period with a slope of 0.1%. Eq. (84) of reference 16 indicates that, for a 3-cm-long waveguide, the parameter ξ is equal to 4 for m=1 and to 1 for m=7. In the first case, the amplification efficiency would be reduced by a factor of 15 compared to a uniform waveguide while the amplification bandwidth would be increased by a factor of 15. In the second case, the efficiency would be reduced by 25% while the bandwidth would be increased by a factor of 2.
This study has been performed using a quasi-CW approach, which is coherent with the bit rate limitation. Indeed, 
VI. Conclusion
For the first time to the best of our knowledge, we have investigated the response of a COPA structure in terms of its tolerances to signal and pump wavelengths variations. Both narrow signal amplification and wavelength shifting bandwidths and large pump wavelength acceptance make the COPA appealing for all-optical amplifying and/or spectrally shifting a single WDM channel. Whereas peak powers of the order of 10W are required for demonstration of these effects in with the present-technology SPE:LiNbO 3 waveguides, sub-watt excitation can be expected for first-order QPM when the domain backswitch technique [19] or the overpoling technique [20] are used. 
